Stipa purpurea is widely distributed along a large precipitation gradient on the Tibetan Plateau. This implies that S. purpurea from different populations may have different responses to drought stress. To explore this we compared the morphological and physiological changes of S. purpurea seedlings cultivated from seeds from Gar County and Nagqu County after 7 and 14 days of drought stress and subsequent re-watering. The results showed that S. purpurea plants from the more arid Gar area were more tolerant to drought stress than that from Nagqu. To investigate the potential mechanisms underlying this difference, we used iTRAQ quantitative proteomics technology to analyze protein dynamics in S. purpurea samples treated with 7 days of drought stress and subsequent re-watering. The results indicated that, during the process of drought and re-watering treatments, there were differentially expressed proteins in either or both S. purpurea populations. These differential proteins were divided into 24 functional categories that were mainly associated with stress response, the antioxidant system, photosynthesis, carbohydrate metabolism, and post-translational modifications. According to these results, we concluded that the molecular basis of stronger drought resistance likely lies in the specific up-regulation or higher expression of many proteins involved in stress response, the antioxidant system, post-translational modification and osmotic regulation in S. purpurea from Gar County compared with that from Nagqu. This study improves our understanding of the intraspecific differences in drought resistance within S. purpurea populations, which helps to understand the distribution of S. purpurea along the moisture gradient, as well as the effect of climate change on this species.
Introduction
Although many plants have evolved various strategies to cope with arid conditions, drought remains one of the most severe abiotic stresses for plants (Morgan, 1984; Turgut and Kadioglu, 1998; Johanson et al., 2001; Chaves et al., 2003; Nelson et al., 2007; Nicotra and Davidson, 2010; Terzi et al., 2013) . Drought stress can affect plant growth, inhibit the productivity of plant populations or communities, and even cause plant death and vegetation degradation (Yordanov et al., 2000; Aranjuelo et al., 2011) . In the Tibetan Plateau, plants are faced with drought conditions. Because of the characteristics of atmospheric circulation and the special terrain, there is a marked decrease in precipitation from east to west in the Tibetan Plateau (Klein et al., 2004; Shen et al., 2008) . Thus, plants distributed in different areas are subjected to diverse water conditions. Because global climate change can cause temporal and spatial changes of precipitation (Zhuang et al., 2010) , such change may indirectly exacerbate the severity of drought in some regions of the Tibetan Plateau, which is considered one of the most sensitive areas to global climate change (Carlyle et al., 2014; Wang et al., 2014) . The dominant species of the alpine steppe, Stipa purpurea, is widely distributed across this large water gradient. This indicates S. purpurea can adapt to a wide range of water conditions. However, because of global warming and human activities, grassland degradation processes such as desertification continue to intensify (Cai et al., 2007) . Severely or extremely degraded grasslands need artificial grass for recovery (He et al., 2008) . One of the keys to grassland recovery is overcoming the water problem. To solve this problem, we first need to understand the responses or adaptive mechanisms of S. purpurea to drought environments.
In recent years, several studies have focused on the interactions between S. purpurea and drought. Yang et al. (2015b) first studied the morphological and structural differences, physiological and biochemical changes, and transcriptional differentiation of five natural S. purpurea populations. Their results showed that S. purpurea had developed a series of adaptive characteristics including thickened cell walls in roots, diminished stomata and increased production of resistance-related substances and expression of genes to cope with increasing drought. To exclude the interference of other environmental factors, Yang et al. (2015a) studied the responses of S. purpurea from the same population to different drought degrees in the greenhouse through physiological, biochemical and proteomics approaches. The results showed that an increase in betaine, soluble sugar and abscisic acid, and an upregulation of several groups of proteins such as antioxidant enzymes and heat shock proteins (HSPs) played an important role in the S. purpurea response to drought treatment. Without doubt, these findings greatly improved our understanding of the S. purpurea response to drought conditions. However, because S. purpurea is widely distributed across the Tibetan Plateau, the ability of different populations to resist drought may have diverged. We assumed that S. purpurea from more arid regions were more resistant to drought stress. Our recent study verified this hypothesis, in which S. purpurea from a western population were more resistant to drought than those from an eastern population (Li et al., 2015) . The results suggested that several closely-related droughtresponsive genes were involved in the S. purpurea response to drought stress (Li et al., 2015) . After our previous study, we wanted to know how S. purpurea responds to drought stress at a molecular level and what molecular mechanisms underlie drought resistance differences among populations. In the present study, we used a comparative proteomics approach to identify putative protein classes involved in drought stress response in two S. purpurea populations. This study provides more information about the interaction between S. purpurea and drought environments, which is the theoretical basis for the protection and restoration of alpine steppe in the Tibetan Plateau.
Materials and methods

Seed collection and seedling breeding
Mature S. purpurea seeds were collected in August 2013 at the time of seed release (Phillips et al., 1983 ) from two populations of western Gar County (GR) and eastern Nagqu County (NQ) in the Tibetan Plateau (Fig 1) . After being brought to the laboratory, the seeds were dried under constant conditions at 15 C and 15% air humidity for 1 wk.
Mature seeds of the two populations were chosen randomly and the seed awns were removed. The seeds were then sown in flowerpots (d ¼ 9.4 cm, h ¼ 8 cm) with equal amounts of humus soil, and about 0.5 cm of covering soil. Each pot was sown with 30 seeds, and 120 pots were prepared for each population. The samples were first sufficiently watered and then placed in a greenhouse (12-h light/12-h dark cycle; 28 C/20 C, day/night; 40%e60% air humidity). Every day at 17:00, when the soil moisture content (SMC) had decreased by approximately 50%, each flowerpot was watered with 15 mL water to keep the SMC constant.
Drought treatment
When they reached the trefoil stage (about 3 wk growth), the plants of each population were treated with two stages of drought. Water was withheld from half of the seedlings of each population for 7 d and then they were re-watered for another 7 d, during which the seedlings were fully watered once initially and then watered with 15 mL water each day when the SMC was about 50%. Water was withheld from the remaining seedlings for 14 d (the plants of one population showed apparent death), and then they were rewatered for another 14 d. The samples (flag leaves) under drought for 0, 7, and 14 d and rehydration for 7 and 14 d were collected for subsequent measurements. Specifically, the samples (flag leaves) under drought for 0 and 7 d and rehydration for 7 d were collected for protein extraction and isobaric tag for relative and absolute quantitation (iTRAQ) analysis.
Morphological changes
The seedlings were photographed at each sampling time, and plant mortality in the two populations was recorded when the seedlings were re-watered for 7 or 14 d.
Leaf water content measurement
The relative water content (RWC) of the leaves was determined as: RWC ¼ [Fresh weight À Dry weight (DW)]/(Turgid weight À DW). To measure turgid weight, leaves were kept in distilled water in darkness at 4 C to minimize respiration losses until they reached a constant weight (Rivero et al., 2007) . The DW of leaves was determined after 48 h at 70 C in an air oven (Rivero et al., 2007) . Three biological replicates were performed for the measurement.
Analysis of chlorophyll fluorescence
Chlorophyll fluorescence was measured as previously described (Bai et al., 2011) , using a pulse-amplitude modulation chlorophyll fluorometer (Heinz Walz GmbH, Effeltrich, Germany). Briefly, S. purpurea seedlings were dark-adapted for 30 min at the time of sampling to measure the maximum quantum yield of photosystem II (PS II; Fv/Fm). The maximum fluorescence (Fm) was recorded by a 0.8 s pulsed light at 8000 mmol s À1 m
À2
, and minimal fluorescence was recorded during the weak measuring pulses. Three biological replicates were performed for the measurement.
Protein extraction
Protein extraction was performed using TRIzol reagent as previously described (Young and Truman, 2012) . Briefly, approximately 1 g of fresh leaves was chopped with 5 mL TRIzol for 5 min. Next, 1 mL chloroform was added and the mixture was allowed to stand at À20 C for 5 min. Following centrifugation at 4 C and 12 000 Â g for 10 min, the supernatant was removed. The lower phase was then mixed with isometric isopropanol and allowed to stand at À20 C for 2 h. Next, the mixture was centrifuged at 4 C and 12 000 Â g for 10 min, after which the supernatant was removed. The precipitate was then washed three times with isopropanol and dried at room temperature, after which it was dissolved in lysate [8 M urea, 2 M thiourea, 4% CHAPS and 60 mM DTT] for 1 h with intermittent shaking.
iTRAQ analysis
iTRAQ analysis was performed as previously described (Kong et al., 2014) . Briefly, all samples containing 75 mg protein were prepared for iTRAQ labeling. Six groups of replicate samples, consisting of three groups of S. purpurea samples from the GR population (i.e., GR-C, GR-D, and GR-R) and three groups of S. purpurea samples from the NQ population (i.e., NQ-C, NQ-D, and NQ-R) were used, and each replicate group consisted of three samples; thus, at least 18 samples were required for labeling. The pelleted protein was first dissolved in 1% SDS and 100 mM triethylammonium bicarbonate (pH 8.5), and then successively subjected to reduction, alkylation, trypsin digestion, and labeling with 8-pl ex iTRAQ reagent kits, based on the manufacturer's instructions (AB Sciex, USA). After labeling, the samples were combined and lyophilized, and the peptide mixture was dissolved in strong cation exchange solvent A (25% acetonitrile, 10 mM ammonium formate, pH 2.8). The peptides were fractionated on an Agilent HPLC system 1100 with a polysulfoethyl A column (2.1 mm Â 100 mm, 5 mm, 300 A, PolyLC, Columbia, MD, USA). The peptides were eluted at a flow rate of 200 mL/min with a linear gradient of 0e20% solvent B (25% acetonitrile, 500 mM ammonium formate) over 50 min, and then were ramped up to 100% solvent B in 5 min and held for 10 min. The absorbance at 214 nm was monitored, and 12 fractions were collected. Each strong cation exchange fraction was lyophilized and dissolved in solvent A (3% acetonitrile, 0.1% formic acid), and submitted for analysis with a Q-Exactive Hybrid Quadrupole-Orbitrap mass spectrometer (Thermo Finnigan Scientific, San Jose, CA, USA).
The samples were separated on a Hypersil Gold C18 column (100 mm Â 2.1 mm, 1.9 mm) (Thermo Fisher Scientific, Pittsburgh, PA, USA). The peptides were eluted with a linear gradient of acetonitrile/0.1% formic acid from 3 to 50% in 90 min at a flow rate of 250 nL/min, and then sprayed into the orifice of the Q-Exactive MS/MS system with a spray voltage of 2.2 kV. Full-scan mass spectra were recorded over 200e1800 m/z at high resolution at 60 000. At least the four most intense precursor ions were selected for collision-induced fragmentation in the linear ion trap with 50e2000 m/z and 30e2000 ms at a resolution of 7500. Dynamic exclusion was employed within 40 s to prevent repetition.
Protein identification
Mascot 2.3.02 was used for protein identification based on the protein database (including 42,809 sequences) that was sequenced, assembled and translated from the transcriptome. The mass spectrometry results were submitted to Mascot, the database was selected, and then the database search was performed according to the parameters shown in Supplementary Table S1.
Analysis of differentially expressed proteins
Abundance changes of 1.50-or 0.67-fold were used as criteria to indicate up-regulation or down-regulation of proteins, and P < 0.05 was used to indicate significance. We counted and analyzed the differential proteins of the two S. purpurea populations during the drought and recovery treatments compared with their respective controls, as well as the differentially expressed proteins between the controls of the two populations.
Statistical analysis
Statistical analyses were performed using SPSS version 18.0. One-way ANOVA was used to identify differences among treatments (P < 0.05). 
Results
Drought resistant traits in two populations of S. purpurea
To examine drought resistance differences in two populations of S. purpurea, we measured mortality rate and relative water content (RWC) of seedlings after two stages of drought stress followed by subsequent re-watering. When treated with drought for 7 d, no significant changes in morphology were observed between the two S. purpurea populations ( Fig. 2A ), but after re-watering, some plants of both populations began to die ( Fig. 2A) , with mortality rates of 11.6% in GR and 19.6% in NQ plants (Fig. 2C) . However, after 14-d drought treatment, the plants of both S. purpurea populations exhibited withering, with a more pronounced change in the NQ population ( Fig. 2A) . When re-watered for 14 d, only some plants of the GR population (30.3%) died, whereas most plants of the NQ population (84.1%) died (Fig. 2C) . These morphological changes directly demonstrated that S. purpurea from the GR population were more resistant to drought stress than those from the NQ population.
When subjected to drought for 7 d, the leaf relative water content (RWC) of S. purpurea from GR and NQ declined from 84.5% to 85.9%e75.1% and 52.8%, respectively, with a significant difference between the two populations (Fig. 2B) . After re-watering for 7 d, the leaf RWC of GR and NQ returned to 79.9% and 74.0%, respectively (Fig. 2B) . After 14-d treatment, the leaf RWC of GR and NQ was reduced to 25.9% and 10.1%, respectively, with a significant difference between the two populations (Fig. 2B) . When re-watered for 14 d, the leaf RWC of GR returned to 51.5% while that of NQ reached 27.6% (Fig. 2B ). These differences in leaf water retention and rehydration capacity also showed that the drought resistance of S. purpurea from GR was stronger than that of S. purpurea from NQ.
Physiological changes after drought treatments between the two S. purpurea populations
We then compared changes in chlorophyll fluorescence to show the effect of drought stress on the physiological activity of S. purpurea. The two populations exhibited different responses during the drought and recovery treatments (Fig. 3A) . Drought stress for 7 d significantly decreased the Fv/Fm of S. purpurea from NQ, whereas the Fv/Fm remained high in S. purpurea from GR (Fig. 3B) . After recovery for 7 d with re-watering, the Fv/Fm values of GR and NQ plants returned to 0.81 and 0.79, respectively (Fig. 3B) . After 14-d drought stress, the Fv/Fm values of GR and NQ plants were reduced to 0.67 and 0.12, respectively, with a significant difference between the two populations (Fig. 3B) . After re-watering for 14 d, the Fv/Fm ratio for plants from GR returned to 0.71, whereas the Fv/Fm ratio increased to only 0.15 in plants from NQ (Fig. 3B) . These results further indicated S. purpurea from GR were more resistant to drought stress than plants from NQ.
Identification of proteins by mass spectrometry
In our study, a total of 182,208 peptides were detected, 10,162 peptides were identified, and 3235 proteins were ultimately determined ( Supplementary Fig. S1 ). 
Inherently differentially expressed proteins between the two S. purpurea populations
To explore the underlying mechanisms of drought resistance in S. purpurea from GR, we first examined differential protein expression between GR and NQ populations of S. purpurea under control conditions. We called the proteins that showed differential expression between the controls inherently differentially expressed proteins. A total of 117 inherently differentially expressed proteins were detected between the two S. purpurea populations, with 56 proteins showing higher abundance and 61 showing lower abundance in GR compared with NQ S. purpurea ( Supplementary Fig. S2A , Supplementary Tables S2 and S3). Among the identified proteins with higher expression in GR plants, 28 were not responsive to drought stress ( Supplementary Fig. S2B and Table 1 ). Of the remaining, expression of 20 proteins from GR (14 up-regulated and 6 down-regulated) and 9 proteins from NQ (3 upregulated and 6 down-regulated) were altered under drought stress ( Supplementary Fig. S2B ). Similarly, among the identified proteins with higher expression in NQ plants, 35 were not responsive to drought stress ( Supplementary Fig. S2B and Table 2 ), while 19 (17 up-regulated and 2 down-regulated) and 10 proteins (6 up-regulated and 4 down-regulated) were differentially expressed in the GR and NQ populations, respectively, during the drought treatment ( Supplementary Fig. S2B ).
The inherently differentially expressed proteins with higher expression in S. purpurea from GR were divided into 17 categories based on their functions (Fig. 4A) . Most of these proteins were involved in photosynthesis, protein synthesis and transport, the antioxidant system, stress response, and energy production and conversion ( Fig. 4A and Supplementary Table S2 ). Among them, the drought-nonresponsive proteins were divided into 13 functional categories, including stress response, antioxidant system, and photosynthesis ( Fig. 4B and Table 1 ). The inherently differentially expressed proteins with higher expression in NQ S. purpurea were divided into 19 categories based on their functions (Fig. 4A ). Most were involved in protein synthesis and transport, photosynthesis, the antioxidant system, stress response, and chromatin structure and dynamics ( Fig. 4A and Supplementary Table S3 ). Among them, the droughtnonresponsive proteins were divided into 17 functional categories, mainly including protein synthesis and transport, antioxidant system, and photosynthesis ( Fig. 4B and Table 2 ).
3.5. Differential expression of proteins in S. purpurea from GR during drought stress and recovery Compared with control levels, 141 proteins in S. purpurea from GR showed differential expression (99 up-regulated and 42 downregulated) during the drought treatment ( Supplementary Fig. S3 ). These proteins belonged to 21 functional categories. Most were involved in stress response, protein synthesis and transport, the antioxidant system, photosynthesis, and carbohydrate metabolism (Fig. 5) . The up-regulated proteins were mainly involved in stress response, protein synthesis and transport, the antioxidant system, and photosynthesis (Fig. 6A left) . The down-regulated proteins were mainly related to carbohydrate metabolism, stress response, photosynthesis, and RNA metabolic processes (Fig. 6A left) . There were 38 differentially expressed proteins (20 up-regulated and 18 down-regulated) in S. purpurea from GR during the recovery process ( Supplementary Fig. S3 ). These proteins were divided into 14 functional categories, including stress response, biosynthesis and biotransformation, protein synthesis and transport, chromatin structure and dynamics, and photosynthesis (Fig. 5) . The upregulated proteins were mainly involved in stress response, chromatin structure and dynamics, protein synthesis and transport, photosynthesis, and kinase activity (Fig. 6A right) . The downregulated proteins were mainly related to biosynthesis and biotransformation, stress response, photosynthesis, and protein synthesis and transport (Fig. 6A right) .
There were 129 proteins (91 up-regulated and 38 downregulated) that showed specific differential expression under drought treatment (Fig. 7A , Supplementary Tables S4 and S5) , and 26 proteins (13 up-regulated and 13 down-regulated) that specifically changed during the recovery process (Fig. 7A , Supplementary  Tables S6 and S7 ). Twelve differentially expressed proteins showed various changes in pattern during both drought and recovery ( Fig. 7A and Supplementary Table S8 ).
Differential expression of proteins in S. purpurea from NQ during drought stress and recovery
Compared with control levels, 97 proteins in S. purpurea from NQ showed differential expression (51 up-regulated and 46 downregulated) during the drought treatment ( Supplementary Fig. S3 ). These proteins belonged to 21 functional categories. Most were involved in stress response, the antioxidant system, cell structure and activity, and photosynthesis (Fig. 5) . The up-regulated proteins were mainly involved in stress response, the antioxidant system, and cell structure and activity (Fig. 6B left) . The down-regulated proteins were mainly related to stress response, photosynthesis, cell structure and activity, and carbohydrate metabolism (Fig. 6B left) . There were 43 differentially expressed proteins (17 up-regulated and 26 down-regulated) in NQ S. purpurea during the recovery process ( Supplementary Fig. S3 ). These proteins could be divided into 16 functional categories, including photosynthesis, stress response, antioxidant system, and cell structure and activity (Fig. 5) . The upregulated proteins were mainly involved in antioxidant system, stress response, and biosynthesis and biotransformation (Fig. 6B , right). The down-regulated proteins were mainly related to photosynthesis and cell structure and activity (Fig. 6B, right ).
There were 82 proteins (46 up-regulated and 36 down-regulated) that showed specific differential expression under drought treatment (Fig. 7B , Supplementary Tables S9 and S10), and 28 proteins (11 up-regulated and 17 down-regulated) that specifically changed during the recovery process (Fig. 7B , Supplementary Tables S11 and S12). There were 15 proteins differentially expressed during both drought and recovery that showed various changes in pattern during these treatments ( Fig. 7B and Supplementary Table S13).
Differential expression of proteins between the two S. purpurea populations during drought stress
Comparing proteomic profiles of both populations during drought stress, we identified proteins that displayed differential expression in only one population and proteins that showed differential expression in both populations. Seventy-one proteins were specifically up-regulated in S. purpurea from GR ( Fig. 7C and Table 3 ). These proteins belonged to 16 functional categories, with most involved in protein synthesis and transport, stress response, photosynthesis, the antioxidant system, and energy production and conversion ( Fig. 8A and Table 3 ). There were 25 proteins specifically down-regulated in S. purpurea from GR ( Fig. 7C and Supplementary Table S14); these were associated with 15 functional categories mainly including antioxidant system and response to stimulus ( Fig. 8B and Supplementary Table S14 ).
There were 24 proteins specifically up-regulated in NQ S. purpurea ( Fig. 7C and Table 4 ). These proteins belonged to 15 functional categories. Most were involved in the antioxidant system and stress response ( Fig. 8A and Table 4 ). Twenty-eight proteins were specifically down-regulated in NQ S. purpurea ( Fig. 7C and Supplementary Table S15) that belong to 11 functional categories including stress response, cell structure and activity and photosynthesis ( Fig. 8B and Supplementary Table S15 ).
There were 45 differentially expressed proteins in both S. purpurea populations that showed diverse expression patterns (Fig. 7C ). There were 27 proteins up-regulated in both S. purpurea populations (Fig. 7C ). Among them, 14 proteins showed higher fold increases in S. purpurea from GR (Table 5) ; these belonged to the functional categories amino acid transport and metabolism, antioxidant system, cell structure and activity, membrane-associated, post translational modification, osmotic regulation, and response to stimulus (Fig. 8C ). There were 13 proteins showing higher fold Table 1 Proteins with inherently differential expression that were not responsive to drought stress with higher expression in the S. purpurea from GR. The letters correspond to the protein functional categories shown as follows: B, antioxidant system; C, biosynthesis and biotransformation; D, carbohydrate metabolism; E, cell structure and activity; H, energy production and conversion; M, membrane-associated; N, nucleotide transport and metabolism; O, oxidation-reduction process; P, photosynthesis; R, osmotic regulation; S, protein synthesis and transport; T, response to stimulus; Y, others.
Protein accession
Fold change GR-C/NQ-C (Table 5) ; these were associated with the antioxidant system, carbohydrate metabolism, cell structure and activity, post-translational modification, osmotic regulation, and stress response (Fig. 8C ). There were 17 proteins downregulated in both S. purpurea populations (Fig. 7C ). Among these, eight proteins showed higher fold decreases in S. purpurea from GR (Supplementary Table S16 ) and belong to the functional categories amino acid transport and metabolism, carbohydrate metabolism, cell structure and activity, energy production and conversion, inorganic ion transport and metabolism, post translational modification, and stress response ( Fig. 8D and Supplementary Table S16 ). Nine proteins showed higher fold decreases in S. purpurea from NQ (Supplementary Table S16 ) and were involved in biosynthesis and biotransformation, carbohydrate metabolism, chromatin structure and dynamics, photosynthesis, protein synthesis and transport, responses to stimulus, RNA metabolic processes, and transcription and translation ( Fig. 8D and Supplementary Table S16) . Notably, only one protein involved in stress response showed up-regulated expression in S. purpurea from GR but was down-regulated in plants from NQ ( Fig. 7C and Supplementary Table S17).
Discussion
Differential drought resistance between two S. purpurea populations
Similar to the results of a previous study (Li et al., 2015) , we found that the morphological and physiological changes of two S. purpurea populations during drought and recovery supported the hypothesis that S. purpurea from GR were more resistant to the same drought stress. However, the mode of response at the molecular level was still unknown in this species. Thus, the iTRAQ quantitative proteomics method was used to analyze the differential responses of the two different S. purpurea populations to drought stress at the protein level.
The proteins responsive to drought and recovery that we identified in this study are basically consistent with previous findings on plant proteomic responses to drought or other abiotic stresses (Alvarez et al., 2014; Li et al., 2014b; Liu et al., 2014) , which were mainly involved in responses to stimulus, photosynthesis, and various metabolism. Among all of the droughtresponsive proteins, only a few were differentially expressed during the recovery process compared with control levels, indicating that most drought-responsive proteins returned to control levels (91.5% in GR and 84.5% in NQ) ( Fig. 7A and B) . Because the "resilience" of genes or proteins is thought to reflect the level of plant resistance to abiotic stresses (Seneca and Palumbi, 2015) , the results indicated that S. purpurea of both populations had great drought resistance, which is consistent with previous studies (Yang et al., 2015a) . However, S. purpurea plants from GR showed greater protein resilience, thus demonstrating stronger drought resistance.
Although most drought-responsive proteins returned to control levels in both S. purpurea populations, a few proteins were still differentially expressed during the recovery process. S. purpurea from GR showed 20 up-regulated and 18 down-regulated proteins Table 2 Proteins with inherently differential expression that were not responsive to drought stress with higher expression in the S. purpurea from NQ. The letters correspond to the protein functional categories shown as follows: A, amino acid transport and metabolism; B, antioxidant system; D, carbohydrate metabolism; E, cell structure and activity; F, molecular chaperone; G, chromatin structure and dynamics; H, energy production and conversion; K, kinase; L, lipid transport and metabolism; M, membrane-associated; N, nucleotide transport and metabolism; O, oxidation-reduction process; P, photosynthesis; R, osmotic regulation; S, protein synthesis and transport; T, response to stimulus; Y, others.
Protein accession
Fold change GR-C/NQ-C (Fig. 7A ). Among them, 13 were specifically up-regulated during the recovery process, whereas 13 were specifically down-regulated (Fig. 7A , Supplementary  Tables S6 and S7 ). There were 17 up-regulated and 26 downregulated proteins during the drought treatment in S. purpurea from NQ (Fig. 7B ). Among them, 11 were specifically up-regulated during the recovery process, whereas 17 were specifically downregulated (Fig. 7B , Supplementary Tables S11 and S12). Similar results were reported in previous studies (Liu et al., 2014) . It is possible that recovery after drought treatment is a complex process and might be a stimulus for the "adapted" proteins during drought; thus, some proteins showed responses to re-watering. However, the stability of proteins during the re-watering period may be related to plant resistance to drought. In the present study, GR plant proteins specifically up-and down-regulated during the recovery process accounted for 14.3% and 34.2% of the specifically up-and down-regulated proteins during the drought treatment, respectively (Fig. 7A) , whereas the values were 23.9% and 47.2%, respectively, in S. purpurea from NQ (Fig. 7B) . These results showed that proteins in S. purpurea from GR were more stable; therefore, the plants from this population were more resistant to drought stress.
Inherently differentially expressed proteins between the two S. purpurea populations
Under normal growth conditions, some inherently differentially expressed proteins were detected in the two S. purpurea populations. This may have resulted from their adaptation to different habitats in the wild. The inherently differentially expressed proteins that showed higher abundance in S. purpurea from GR were mainly involved in photosynthesis, protein synthesis and transport, the antioxidant system, stress response, and energy production and conversion ( Fig. 4A and Supplementary Table S3 ). Those with higher expression in S. purpurea from NQ are mainly related to protein synthesis and transport, photosynthesis, the antioxidant system, stress response, and chromatin structure and dynamics ( Fig. 4A and Supplementary Table S4 ). These results indicated that many proteins related to these life processes had formed heritable expression differences in the different S. purpurea populations during the long-term process of adaptation and evolution. The unique higher-expression inherently proteins in each population suggested that the same environmental factor might affect S. purpurea from different populations to different degrees and in diverse ways. Comparison of functional classifications of the inherently differentially expressed proteins with no response to drought treatment in each S. purpurea population. The letters correspond to the protein functional categories shown as follows: A, amino acid transport and metabolism; B, antioxidant system; C, biosynthesis and biotransformation; D, carbohydrate metabolism; E, cell structure and activity; F, molecular chaperone; G, chromatin structure and dynamics; H, energy production and conversion; J, inorganic ion transport and metabolism; K, kinase; L, lipid transport and metabolism; M, membrane-associated; N, nucleotide transport and metabolism; O, oxidation-reduction process; P, photosynthesis; Q, post translational modification; R, osmotic regulation; S, protein synthesis and transport; T, response to stimulus; Y, others.
About half of the inherently differentially expressed proteins were responsive to drought treatment in both S. purpurea populations ( Supplementary Fig. S2 ); their functions are carefully analyzed below. Here, we focus mainly on the proteins that are drought-nonresponsive. The drought-nonresponsive proteins with higher expression in S. purpurea from GR were mainly involved in stress response, the antioxidant system, and photosynthesis ( Fig. 4B and Table 1 ); most drought-nonresponsive proteins with higher expression in S. purpurea from NQ were related to protein synthesis and transport, the antioxidant system, and photosynthesis ( Fig. 4B and Table 1 ). These results suggest two things. On one hand, these drought-nonresponsive proteins might play important roles in some other life processes rather than drought resistance. Although proteins involved in stress response and the antioxidant system function universally in plant resistance to various environmental stresses (Li et al., 2014a; Yang et al., 2015a) , the function of these proteins might have changed in different populations of S. purpurea to respond to different environmental stresses. This is because the Tibetan Plateau is famous for a variety of harsh environmental factors (Li et al., 2014a) . Additionally, some proteins in this study might have specific functions, for example, two proteins named PREDICTED: disease resistance response protein 206-like and PREDICTED: salt stress root protein RS1-like might function in response to plant disease and salt stress, respectively (Table 1) . Gar and Nagqu Counties are located in the west and east of the Tibetan Plateau, respectively, with considerable differences in climatic conditions. The average temperature is higher, and day length longer in Gar Country, but precipitation is greater in Nagqu County. Thus, photosynthetic conditions for S. purpurea from the two populations have different limitations. This may explain why many proteins related to photosynthesis were differentially expressed between the two populations. On the other hand, although these proteins with inherently differential expression, including some proteins involved in stress response and the antioxidant system, were nonresponsive to drought treatment, their initially high expression levels in the two S. purpurea populations may indicate that they play a role in response to drought. In particular, many proteins involved in stress response and the antioxidant system that showed higher expression in S. purpurea from GR might play significant roles in improving the drought resistance of this population (Table 1) . Additionally, the nonresponsiveness of some proteins with inherently differential expression between these two populations might be related to the degree of drought treatment.
Population-specific differential expression of proteins in S. purpurea during drought stress
The molecular basis for the differential drought resistance between the two S. purpurea populations was mainly reflected in the differential expression of proteins in plants under drought treatment. During drought treatment, the number of proteins differentially expressed in S. purpurea from GR (141 proteins) was much greater than in S. purpurea from NQ (97 proteins) ( Supplementary  Fig. S3 ). In particular, nearly twice as many proteins were upregulated in GR (99 proteins) than in NQ (51 proteins) plants ( Supplementary Fig. S3 ). These results indicated that S. purpurea from GR had a stronger ability to regulate proteins compared with S. purpurea from NQ. The various functions of the great many upregulated proteins during drought treatment might be the basis of the stronger drought resistance in S. purpurea from GR.
Comparing the two S. purpurea populations, we found proteins that showed population-specific differential expression and proteins that were differentially expressed in both populations (Fig. 7C) . All of these results may be related to the differential drought resistance between the two populations. Here, we first analyzed the proteins with differential expression in only one population of S. purpurea during drought stress.
In the present study, the number of proteins specifically upregulated in S. purpurea from GR (71 proteins) was nearly three times that in S. purpurea from NQ (24 proteins) (Fig. 7C) . The proteins specifically up-regulated in GR were divided into 16 functional categories while those in NQ were divided into 15 categories (Fig. 8A ). Among them, there were 12 categories in common between the two S. purpurea populations, including amino acid transport and metabolism, antioxidant system, carbohydrate metabolism, cell structure and activity, energy production and conversion, inorganic ion transport and metabolism, membraneassociated, nucleotide transport and metabolism, photosynthesis, protein synthesis and transport, stress response and 'others' The letters correspond to the protein functional categories shown as follows: A, amino acid transport and metabolism; B, antioxidant system; C, biosynthesis and biotransformation; D, carbohydrate metabolism; E, cell structure and activity; F, molecular chaperone; G, chromatin structure and dynamics; H, energy production and conversion; I, growth regulation; J, inorganic ion transport and metabolism; K, kinase; L, lipid transport and metabolism; M, membrane-associated; N, nucleotide transport and metabolism; O, oxidation-reduction process; P, photosynthesis; Q, post translational modification; R, osmotic regulation; S, protein synthesis and transport; T, response to stimulus; V, RNA metabolic process; X, transcription and translation; Y, others. (Fig. 8A) . However, the protein numbers in various functional categories in S. purpurea from GR were generally greater than in NQ (Fig. 8A) . Proteins in five functional categories were specifically upregulated in S. purpurea from GR, including molecular chaperone, oxidation-reduction process, post translational modification, osmotic regulation, and RNA metabolic process (V) (Fig. 8A) . In S. purpurea from NQ, proteins involved in 'biosynthesis and biotransformation', 'chromatin structure and dynamics', as well as 'kinases' were specifically up-regulated (Fig. 8A) . The number of proteins specifically down-regulated in GR plants (25 proteins) was nearly the same as in NQ plants (28 proteins) (Fig. 7C) . The proteins specifically down-regulated in GR plants were divided into 15 functional categories while those in NQ plants were divided into 12 categories (Fig. 8B ). Among them, there were nine categories in common between the two S. purpurea populations, including amino acid transport and metabolism, carbohydrate metabolism, cell structure and activity, molecular chaperone, inorganic ion transport and metabolism, photosynthesis, post translational modification, stress response, and RNA metabolic process (Fig. 8B) . However, the protein numbers in various functional categories in S. purpurea from NQ were generally greater than GR plants (Fig. 8B) .
Proteins in five functional categories were specifically downregulated in GR plants, including antioxidant system, biosynthesis and biotransformation, energy production and conversion, kinase, and nucleotide transport and metabolism (Fig. 8B) . Proteins in two functional categories were specifically down-regulated in NQ plants, including lipid transport and metabolism and 'others' (Fig. 8B) .
Many studies have demonstrated that proteins related to stress response play very important roles in plant resistance to environmental stresses (Bindschedler et al., 2008; Sergeant and Renaut, 2010; Kosova et al., 2011; Hossain et al., 2012; Kushalappa and Gunnaiah, 2013; Ghosh and Xu, 2014; Ngara and Ndimba, 2014) . In the present study, 13 proteins related to stress response were specifically up-regulated in GR plants, whereas only three were specifically up-regulated in NQ plants (Fig. 8A and Table 3 ), which might be an important basis for the stronger drought resistance in S. purpurea from GR. The late embryogenesis abundant (LEA) family proteins play significant roles in plant resistance to drought stress (Zhang and Zhao, 2003) . For instance, previous studies showed that LEA genes from barley and wheat could significantly improve the drought resistance of other plants (Xu et al., 1996 ; Cheng et al., The letters correspond to the protein functional categories shown as follows: A, amino acid transport and metabolism; B, antioxidant system; C, biosynthesis and biotransformation; D, carbohydrate metabolism; E, cell structure and activity; F, molecular chaperone; G, chromatin structure and dynamics; H, energy production and conversion; I, growth regulation; J, inorganic ion transport and metabolism; K, kinase; L, lipid transport and metabolism; M, membrane-associated; N, nucleotide transport and metabolism; O, oxidation-reduction process; P, photosynthesis; Q, post translational modification; R, osmotic regulation; S, protein synthesis and transport; T, response to stimulus; V, RNA metabolic process; W, signal transduction; X, transcription and translation; Y, others.
2002; Lal et al., 2008; Wang et al., 2009 ). In the present study, three LEA family proteins (i.e., Late embryogenesis abundant protein Lea5-D, Late embryogenesis abundant protein, group 3, and Late embryogenesis abundant protein D-29) were specifically upregulated in GR plants (Table 3) , indicating they have important roles in improving the drought resistance of S. purpurea from GR. Plant 14-3-3 family proteins are positively associated with plant growth and resistance to environmental stresses (Mayfield et al., 2012) , and proteins of the calcium-dependent protein kinase (CDPK) and mitogen-activated protein kinase (MAPK) families also play important roles in plants responses to abiotic stresses (Jiang et al., 2013; Zhang et al., 2014) . Alvarez et al. (2014) found that several proteins of the 14-3-3, CDPK and MAPK families were significantly up-regulated in a drought-tolerant wheat variety compared with a drought-sensitive variety during drought treatment. Consistent with these results, we found two 14-3-3 proteins (14-3-3-like protein GF14-B and 14-3-3-like protein GF14-D), two CDPK proteins (calcium-dependent protein kinase isoform 2 and calcium-dependent protein kinase 8), and one MAPK protein (mitogen-activated protein kinase kinase 1) were specifically upregulated in NQ plants (Table 3) . These results suggest that these proteins greatly contribute to the drought resistance of S. purpurea from NQ. The up-regulation of plant HSPs can improve plant resistance to drought, high temperature and salt stresses by preventing protein aggregation and maintaining the stability of organellar precursor proteins (Yang et al., 2015a) . HSPs have been reported to participate in S. purpurea responses to drought (Yang et al., 2015a) . In the present study, we found one HSP each was specifically up-regulated in GR (PREDICTED: 25.3 kDa heat shock protein, chloroplastic-like) and NQ plants (PREDICTED: 23.2 kDa heat shock protein-like) (Tables 3 and 4), which further indicated that HSPs are important for S. purpurea responses to drought. Additionally, a previous study showed that plant aquaporin, WRKY and dehydration responsive element binding protein (DREB) family proteins helped S. purpurea resist drought stress (Li et al., 2015) . Similarly, one protein from each of these three families (Probable aquaporin TIP1-1, WRKY transcription factor 6, and dehydration responsive element binding protein 1, respectively) was specifically up-regulated in GR plants (Table 3) , indicating the contributions of these proteins to the drought resistance of S. purpurea from GR. In addition to the HSP protein mentioned above, two other proteins related to stimulus responses (PREDICTED: zeamatin-like and Chitinase 2) were specifically up-regulated in S. purpurea from NQ (Table 4) , but these proteins are mainly involved in responses to biotic stresses. This may be because plant diseases and insect pests are rare in the Tibetan Plateau because of the harsh environment, so the functions of some proteins responsive to biotic stresses may have changed during the long-term process of evolution. Although proteins related to stimulus responses usually play positive roles under drought treatment, we found thatand six stimulus-response proteins (Disease resistance response protein 206, Glycine-rich protein 2, PREDICTED: heat shock protein 83-like, Subtilisinchymotrypsin inhibitor-2A, 17.3 kDa heat shock protein, and Heat shock 70 kDa protein) were specifically down-regulated (Supplementary Tables S14 and S15). The negative expression changes of these proteins in NQ plants, especially the three HSPs (Supplementary Table S15 ), would undoubtedly weaken the drought resistance of this S. purpurea population. In summary, the specific up-regulation of many proteins related to drought resistance in S. purpurea from GR explains its stronger drought resistance.
Reactive oxygen species (ROS) metabolism plays an important role in plant responses to environmental stresses. Under normal conditions, ROS are used as signal molecules in plant growth and development as well as stress responses (Mittler et al., 2011) . The ROS content in plant cells usually increases sharply when plants are subjected to environmental stresses (Li and van Staden, 1998; Gururani et al., 2013) . Excessive ROS can cause peroxidation of proteins, DNA and lipids, damaging metabolic processes and eventually causing cell death. However, the plant antioxidant system can rapidly remove excess ROS, thus protecting plant cells (Yang et al., 2012; Li et al., 2014b) . The plant antioxidant system 
Table 3
Proteins specifically up-regulated in S. purpurea from GR under drought stress. The letters correspond to the protein functional categories shown as follows: A, amino acid transport and metabolism; B, antioxidant system; D, carbohydrate metabolism; E, cell structure and activity; F, molecular chaperone; H, energy production and conversion; J, inorganic ion transport and metabolism; M, membrane-associated; N, nucleotide transport and metabolism; O, oxidation-reduction process; P, photosynthesis; Q, post translational modification; R, osmotic regulation; S, protein synthesis and transport; T, response to stimulus; V, RNA metabolic process; Y, others. (Li and van Staden, 1998) . Thus, antioxidant enzyme activities and antioxidant substance contents can reflect a plant's ability to resist environmental stresses. Previous studies have shown that the antioxidant system plays important roles in the S. purpurea response to drought stress (Li et al., 2015; Yang et al., 2015a) . In the present study, we found seven antioxidant proteins from GR plants (peroxiredoxin, L-ascorbate peroxidase 1, cytosolic, PREDICTED: 2-Cys peroxiredoxin BAS1, chloroplastic-like, PREDICTED: monothiol glutaredoxin-S10-like, Probable phospholipid hydroperoxide glutathione peroxidase 6, mitochondrial, Probable glutathione Stransferase GSTU1, and Superoxide dismutase [Fe] 1, chloroplastic) and five antioxidant proteins from NQ plants (Peroxidase 72, PREDICTED: peroxidase 4-like, class III peroxidase, Peroxidase 1, and PREDICTED: peroxisomal (S)-2-hydroxy-acid oxidase) were specifically up-regulated in S. purpurea (Tables 3 and 4) . These results further demonstrated that the antioxidant system is closely correlated with the drought resistance of S. purpurea, and the greater number of specifically up-regulated antioxidant proteins in S. purpurea from GR contributes to stronger drought resistance.
When faced with drought stress, the osmotic adjustment ability of plants directly affects their drought resistance (Ashraf and Foolad, 2007) . The accumulation of osmotic adjustment substances such as proline can maintain cell turgor pressure and volume (Ashraf and Foolad, 2007) . Proline can also help thylakoid membranes maintain photosynthetic efficiency, cellular redox potential, and antioxidant free radical levels (Jones and Turner, 1978; Porcel and Ruiz-Lozano, 2004) . Several studies have found that drought treatment can induce proline accumulation and upregulation of proline synthase genes (Li et al., 2015; Yang et al., 2015b) . Not surprisingly, we found a protein related to proline metabolism (14 kDa proline-rich protein DC2.15) was specifically up-regulated in GR (Table 3) , suggesting a role in maintaining the strong drought resistance of this S. purpurea population.
Protein post-translational modifications, including ubiquitination, phosphorylation, and methylation, play an important role in the plant life cycle (Hu et al., 2005) . These modifications can make protein structures more complex and protein functions more powerful, leading to more sophisticated and specific protein regulation (Hu et al., 2005) . One of the important functions of posttranslational modification is regulating the responses of plant cells to environmental conditions (Hu et al., 2005) . In this study, three proteins related to ubiquitin (PREDICTED: ubiquitin-40S The letters correspond to the protein functional categories shown as follows: A, amino acid transport and metabolism; B, antioxidant system; C, biosynthesis and biotransformation; D, carbohydrate metabolism; E, cell structure and activity; F, molecular chaperone; G, chromatin structure and dynamics; H, energy production and conversion; J, inorganic ion transport and metabolism; K, kinase; L, lipid transport and metabolism; M, membrane-associated; N, nucleotide transport and metabolism; O, oxidation-reduction process; P, photosynthesis; Q, post translational modification; R, osmotic regulation; S, protein synthesis and transport; T, response to stimulus; V, RNA metabolic process; X, transcription and translation; Y, others.
Table 4
Proteins specifically up-regulated in S. purpurea from NQ under drought stress. The letters correspond to the protein functional categories shown as follows: A, amino acid transport and metabolism; B, antioxidant system; C, biosynthesis and biotransformation; D, carbohydrate metabolism; E, cell structure and activity; G, chromatin structure and dynamics; H, energy production and conversion; J, inorganic ion transport and metabolism; K, kinase; M, membrane-associated; N, nucleotide transport and metabolism; P, photosynthesis; S, protein synthesis and transport; T, response to stimulus; Y, others. Table 5 Proteins up-regulated in both S. purpurea populations under drought stress. The letters correspond to the protein functional categories shown as follows: A, amino acid transport and metabolism; B, antioxidant system; D, carbohydrate metabolism; E, cell structure and activity; G, chromatin structure and dynamics; M, membrane-associated; Q, post translational modification; R, osmotic regulation; T, response to stimulus. (Table 3) ; this might be closely related to the stronger drought resistance in this S. purpurea population. Environmental stresses usually decrease plant photosynthesis as well as the expression of related proteins (Li et al., 2014b) . However, some proteins can maintain higher expression through the protection and restoration of resistance substances and proteins (Li et al., 2014a (Li et al., , 2014b . Meanwhile, the material and energy metabolism processes that accompany photosynthesis are affected in different ways, and related proteins show down-or upregulation (Li et al., 2014a (Li et al., , 2014b . Some studies have suggested that plants consume more energy during stress; thus, proteins related to energy generation would be stimulated (Li et al., 2014a) . At the same time, proteins related to biosynthesis are also upregulated to provide a material basis for resistance to environmental stresses (Li et al., 2014a) . Interestingly, similar results were observed in the present study. However, overall, the numbers and categories of down-regulated proteins generally reflected the influence of environmental stress. Although the total numbers of specifically down-regulated proteins were almost equal between the two S. purpurea populations, two proteins related to stimulus responses were specifically down-regulated in GR plants compared with six in NQ plants (Supplementary Tables S14 and S15 ). Additionally, two proteins related to photosynthesis (Cytochrome b6-f complex iron-sulfur subunit, chloroplastic and Oxygen-evolving enhancer protein 3-1, chloroplastic) were specifically downregulated in GR plants compared with five (Chlorophyll a-b binding protein CP24 10A, chloroplastic, chloroplast photosystem II type I chlorophyll a/b-binding protein, Photosystem II 22 kDa protein, chloroplastic, Photosystem II 22 kDa protein, chloroplastic, and Protein PROTON GRADIENT REGULATION 5, chloroplastic) in NQ plants (Supplementary Tables S14 and S15 ). Differences in these important biological processes determine the tolerance ability of the two S. purpurea populations to drought stress.
The differentially expressed proteins in both S. purpurea populations
In addition to the differentially expressed proteins specific to each S. purpurea population, some proteins were up-or downregulated in both populations during the drought treatment. However, the ranges of change for these proteins were different, which might contribute to the differential drought resistance between the two S. purpurea populations. Among the proteins upregulated in both populations, five proteins related to stress response displayed higher up-regulation in GR plants, including 24.1 kDa heat shock protein, mitochondrial, Heat shock 70 kDa protein cognate 4, Heat shock protein 81-3, Mitogen-activated protein kinase 12, and Universal stress protein A-like protein ( Fig. 8C and Table 5 ). Five proteins related to stress response also showed higher up-regulation in NQ plants, including Zinc finger protein ZPR1, Calcium-dependent protein kinase 3, Desiccationrelated protein PCC3-06, Heat stress transcription factor A-2d, and Pathogenesis-related protein 1 (Fig. 8C and Table 5 ). These results indicated not only the universal functions of these resistance proteins in S. purpurea but also the important roles of some proteins with higher fold changes such as HSPs in the improved drought resistance in S. purpurea from GR. Each population had three proteins related to the antioxidant system with higher upregulation ( Fig. 8C and Table 5 ). In addition to these antioxidant enzymes, glutathione S-transferase can also be included in the antioxidant system because it functions in the antioxidant metabolism of glutathione-ascorbate cycles (Foyer and Noctor, 2011; Yang et al., 2012) . The strength of ROS control by antioxidant proteins would directly affect the drought resistance of the two S. purpurea populations. Betaine, like proline, is an important osmotic adjustment substance (Makela et al., 1998) . A previous study reported that genes related to betaine synthesis were up-regulated with exacerbated drought in S. purpurea (Yang et al., 2015b) , suggesting a role for betaine in response to drought in S. purpurea. In the present study, two proteins related to proline synthesis (Proline synthase co-transcribed bacterial homolog protein and Delta-1-pyrroline-5-carboxylate synthase) were up-regulated more in GR plants (Table 5) . A protein related to betaine synthesis (Betaine aldehyde dehydrogenase 1, chloroplastic) was up-regulated more in NQ plants (Table 5 ). These results indicate that the osmotic process plays an important role in S. purpurea drought response, and increased effectiveness in this process may have strengthened drought resistance in S. purpurea from GR. Additionally, an HSP protein (heat shock protein 90) was up-regulated in GR but downregulated in NQ plants (Supplementary Table S17 ), indicating this protein is closely correlated with the stronger drought resistance in S. purpurea from GR.
During the drought treatment, 17 proteins were down-regulated in both S. purpurea populations (Supplementary Table S16), indicating that these proteins are sensitive to drought stress. Eight proteins were down-regulated more in GR while nine were more highly down-regulated in NQ plants ( Fig. 8D and Supplementary Table S17 ). The results showed that these proteins were differentially affected by drought treatment, but generally, those in S. purpurea from NQ were affected more. Different functional proteins showed various changes in the two S. purpurea populations, suggesting that response to drought stress in S. purpurea is a complex process.
Conclusion
In the present study, we found that S. purpurea from a more arid region (GR) showed stronger drought resistance than from a more humid region (NQ). To understand the underlying mechanisms of drought resistance, we used iTRAQ quantitative proteomics to analyze the protein expression changes in S. purpurea samples that were treated with drought for 7 d and then re-watered for 7 d. The results showed that there were inherently differentially expressed proteins between the two populations, some of which were responsive to drought treatment. During the drought treatment and recovery process, we detected proteins that show differential expression specific to each population, and proteins that are differentially expressed in both populations. According to our analysis, a great many proteins involved in stress response, the antioxidant system, post-translational modification, and osmotic regulation showed specific up-regulation or higher abundance in S. purpurea from GR, which may contribute to the stronger drought resistance in this population. These findings improve our understanding of drought-resistance differences among different S. purpurea populations. They also may help us to understand the adaptation of S. purpurea from different populations to local water conditions.
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